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ABSTRACT
Inquiry-based investigations of diseases are often difficult to safely undertake in
middle school or high school science courses. However, by utilizing potatoes as a
mammalian analogue, important groups of pathogens can be investigated with
common materials available from the local supermarket. This article provides
information to guide the exploration of factors underlying the development of
the potato disease bacterial soft rot, caused by Pectobacterium caratovorum,
and allows students the freedom to develop and test their own hypotheses
regarding the development of symptoms, the spread of pathogens, and the
impact of host and environmental variables on the progress of disease.
Key Words: plant diseases; Pectobacterium caratovorum; inoculation; soilborne
pathogens; Enterobacteriaceae; Next Generation Science Standards; student-driven
inquiry.
Introduction
Plant diseases result in billions of dollars of losses to farmers every year.
Most plant diseases are caused by pathogenic fungi, but viruses,
nematodes (microscopic worms), parasitic plants, and bacteria also
cause important diseases (Agrios, 2004). For a disease to impact a crop,
three factors must be present at the same time: (1) a susceptible host,
(2) a virulent pathogen, and (3) a conducive environment (Figure 1).
Diseases often reduce harvest yield by limiting plant growth, but some
pathogens infect the fruit, vegetables, or grains and render the products
unmarketable with rots or by producing toxins.
A group of bacteria referred to as soft rot Enterobacteriaceae
(a taxonomic family containing members of the genera Pectobacte-
rium and Dickeya) are common soilborne microorganisms and
major postharvest pathogens of many important agricultural
products (Mansfield et al., 2012; Czajkowski et al., 2015). In
the absence of a host, these bacteria exist in the soil and feed on
organic materials (Pérombelon, 1992). As seeds are planted and
grow throughout the season, the bacteria eventually come in
physical contact with the plant during root growth or following
rain-splash dispersal onto stems and leaves. The pathogenic bacte-
ria attach to the plant during harvest and infest the products during
shipment and storage. Infection typically occurs after the crop has been
harvested, generally as a result of storage or shipment conditions that
support disease development (Pérombelon & Lowe, 1975; Johnson,
2015). During infection, Enterobacteriaceae produce enzymes called
pectinases. Pectinases degrade pectins, which are important structural
molecules of plant cell walls and are also involved in adhering plant
cells together into tissues (Collmer & Keen, 1986). When the bacteria
infect a host, the tissue structure collapses as pectins are degraded,
leading to the symptoms pathologists call soft rot, typified by softening
of the infected tissue, often accompanied by discoloration and an over-
powering odor.
Bacterial soft rot is an important postharvest disease of potatoes
(and other fruits, vegetables, and decorative plants). Among the
characterized species of Enterobacteriaceae that cause soft rot dis-
eases, Pectobacterium carotovorum subspecies carotovorum (Pcc) has
the widest host range. As a representative pathogen for the Entero-
bacteriaceae, Pcc adheres to the skin of potatoes as the tubers
develop in the ground during the growing season. After harvest,
potatoes often remain disease free unless they experience a wound
during shipment (which allows the naturally present Pcc to penetrate
the tuber) or if the potatoes are exposed to moisture (which allows
Pcc to vigorously reproduce on the exterior of the potato and even-
tually infect; Czajkowski et al., 2015). Despite steps in the supply
chain that reduce opportunities for infection, many consumers
observe potato soft rot when potatoes are improperly stored in pan-
tries or drawers for extended periods (Johnson, 2015).
The soft rot experiment described in this protocol was devel-
oped using elements of the Next Generation Science Standards
(National Research Council, 2012; Table 1). The core protocol
outlines the steps of acquiring primary inoculum and basic inoc-
ulation procedures. Additional protocol sections explore inquiry-
based experiments that allow students the freedom to investigate
different components of the disease triangle on a seven-day schedule
(Table 2).
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Figure 1. The disease triangle. For disease to occur, the
environment must be conducive for a virulent pathogen to
infect a susceptible host (adapted from Agrios, 2004).
Table 1. Next Generation Science Standards addressed in this protocol.
KYDE Performance
Expectationa Science & Engineering Practices Disciplinary Core Ideas Crosscutting Concepts
• MS-LS1-1
• MS-LS1-2
• Asking Questions and Defining
Problems
• Planning and Carrying Out
Investigations
• Constructing Explanations
• Engaging in Argument from
Evidence
• Obtaining, Evaluating, and
Communicating Information
• LS1.A: Structure and
Function
• Cause and Effect
• Systems and System
Models
• Structure and Function
• MS-LS4-5 • Analyzing and Interpreting Data
• Constructing Explanations
• Obtaining, Evaluating, and
Communicating Information
• LS4.B: Natural Selection
• LS4.C: Adaptation
• Cause and Effect
• HS-LS1-1 • Developing and Using Models
• Planning and Carrying Out
Investigations
• Constructing Explanations and
Designing Solutions
• Obtaining, Evaluating, and
Communicating Information
• LS1.A: Structure and
Function
• Cause and Effect
• Stability and Change
• HS-LS4-4
• HS-LS4-5
• Analyzing and Interpreting Data
• Constructing Explanations and
Designing Solutions
• Engaging in Argument from
Evidence
• Obtaining, Evaluating, and
Communicating Information
• LS4.C: Adaptation • Cause and Effect
aThe Kentucky Department of Education (2015) Academic Standards were developed using the elements established by the National Research Council (2012).
Table 2. Proposed schedule of experiments with a
seven-day incubation period.
Day Activitya
7 days before Set up culture to acquire inocula from a
cut and soaked potato.
1 day before Disinfest potatoes by soaking in a 10%
bleach solution.
Lab day 1 Inoculate and incubate potatoes.
Lab day 7 Observe the macro and microscopic
signs and symptoms of bacterial soft rot.
Lab day 14 Brainstorm variables for the inquiry-
based protocol. Inoculate and incubate
plant samples.
Lab day 21 Observe and measure the macro and
microscopic signs and symptoms of
bacterial soft rot.
aFor details, see text.
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Methods
Throughout the protocol, utilize only conventionally grown (non-
organic) potatoes. Conventional potatoes are treated with a germi-
nation inhibitor, which will prevent potatoes from sprouting when
incubated.
Required Materials
The following are needed for each lab group of two to four
students:
• Potatoes (Russets are the most common; at least three for each
group)
• Damp paper towels
• Sealable plastic bags
• Toothpicks
• Small beakers for the bacterial inoculum
• A 10% bleach solution containing two drops of dish soap per
gallon
• A large container for disinfesting the potatoes in 10% bleach
• Microscopy equipment (microscopes with 400× magnification,
slides, coverslips, metal probes)
• Optional: Latex or nitrile gloves (soft rot bacteria are not infec-
tious to humans, but the odor could be a detriment with direct
contact with skin)
Core Protocol
Performed by the teacher prior to the lab:
(1) A week prior to the experiments, initiate the cultures to acquire
inoculum. Cut a potato in half and incubate the halves in an
airtight plastic bag with 50 mL of tap water for five days at
room temperature. If infected, the potato will be soft to the
touch and the liquid will be cloudy with bacteria. Most pota-
toes will become infected with this approach, so consider incu-
bating between three and five potatoes to collect sufficient
inocula for the class.
(2) The day before the lab begins, disinfest the remaining potatoes
by soaking in the 10% bleach solution for at least 30 minutes.
Ensure that each potato is completely submerged in the bleach
solution, and agitate the potatoes occasionally as they soak to
remove any bubbles. After incubation, remove the potatoes
from the bleach solution, rinse with fresh water, dry with paper
towels, and set aside to air dry overnight.
(3) Prior to the start of class:
(a) Mock inoculate (with water) at least three disinfested pota-
toes as negative (healthy) controls. Inoculate each potato
with a clean toothpick, wrap in a damp paper towel, and
incubate in the same manner as the students’ samples.
(b) Collect the bacterial inoculum by cutting a corner of the
culture bag and collecting the liquid in several containers
for the students. The bacteria can be stored in a refriger-
ator and used for at least six weeks.
Performed by the students:
(1) Discuss and outline the experiment (Table 3).
(2) For each lab group of two to four students, collect at least three
disinfested potatoes and ensure that they are free of obvious
disease symptoms incurred during shipment and storage.
(3) Dip a clean toothpick into a container of bacterial solution and
inoculate the bacteria into the potato by poking the toothpick
through the skin. Repeat the inoculation approach to ensure
that each potato is similarly inoculated (i.e., a similar number
of toothpick wounds). The same toothpick may be used for
all the inoculations, but students must re-dip the toothpick in
the bacteria solution prior to each inoculation for consistency.
(4) After inoculating, wrap each potato in damp paper towels and
enclose in a sealable plastic bag.
(5) Incubate all potatoes on the benchtop for seven days. If infected,
the potatoes will become soft to the touch and produce a pun-
gent odor.
(6) Analysis:
(a) Record which inoculation approach (control or experimen-
tal) yielded the most disease symptoms (Figure 2). Since
each group inoculated three potatoes, each lab group’s sam-
ples should exhibit similar symptoms.
(b) Slice the potatoes through lesions and observe symptoms
within the potato (Figure 2B–D).
(7) After the plant tissue becomes infected, collect diseased tissue
and observe with a sample of healthy tissue as a comparison
Table 3. Experimental design scaffold (including
representative discussion points for students).
Question What conditions impact the
development of potato soft
rot?
Hypothesis
(“If. . .then. . .because”)
If we inoculate a potato with
soft-rot-causing bacteria,
then __% of the potatoes




(What you changed on
purpose; this is the
experimental group)
Inoculated healthy potatoes
with soft rot bacteria
Dependent Variables
(How you measured what
changed)
Percentage of the potato
(either surface, interior, or
total potato) that exhibits
symptoms of soft rot.
Constant Variables
(Also called constants; add
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with a microscope. Bacteria are very small and will be only
faintly visible at 400× magnification. With potato samples,
amyloplasts (organelles that contain starches) are visible
as clear, bean-shaped structures. The bacteria should be
visible as a diffuse mass that is similar to television static
(Figure 3).
Inquiry-Based Protocol Amendments Organized by
the Disease Triangle
Prior to embarking on additional experiments, promote student-
driven inquiry by posing the following scenarios to the lab groups.
Ask the lab groups to brainstorm answers to the questions, and then
encourage each group to share their answers with the whole class to
generate a list of experimental variables. Due to time constraints, con-
sider preparing your own variables prior to class that can be investi-
gated immediately.
Susceptible host:
(1) Inoculate different hosts. There are several species of bacteria
that cause soft rot, andeach specieshas adifferenthost preference.
Since different potato varieties share common characteristics, will
a pathogen isolated from one variety of potato be able to infect
another variety of potato? Will a pathogen isolated from
a potato be able to infect other fruits and vegetables?
(a) Inoculate different potato varieties such as Yukon Gold,
Russet Burbank, Red Pontiac, or any other commercially
available varieties. Consider selecting smaller potato vari-
eties to optimize space use in the classroom.
(b) Inoculate different susceptible plant products such as
carrots, green bell peppers, bananas, apples, tomatoes, and
cucurbits (i.e., cucumbers, squashes, pumpkins; summa-
rized in Bhat et al., 2010).
(2) Utilize different inoculation approaches. Sometimes potatoes
are damaged during shipment from the farm to the store. If a
truckload of potatoes is transported across the country, what
are some injuries that are likely to occur?
(a) Dip a whole potato in the inoculum solution.
(b) Prior to application of inoculum, damage the host tissue
by abrading, crushing, or superficial wounding to simu-
late damage that commonly occurs
during shipment.
Conducive environment:
(1) Alternate the temperature. In nature,
Pcc ismost active at 10–20°C (50–68°F),
but soft rot often occurs at warmer
temperatures during shipment or stor-
age in a warm pantry. What effect will
different temperatures have on the
development of disease?
(a) Alter the incubation temperature
(room temperature vs. warm tem-
perature) or temperature extremes
(hot vs. cold).
(2) Modify water availability. If the pota-
toes were harvested following a rain-
storm and were loaded into a truck wet,
Figure 2. Signs and symptoms of bacterial soft rot.
(A) Bacteria from the toothpick wound are accompanied by a
dark halo of diseased, softened tissue. The white organism is a
fungus, which is a common contaminant and not involved in
the disease. (B) A bisected potato lesion exhibiting tissue
collapse without any secondary darkening. (C) A bisected,
darkened potato lesion on the margin of the tuber. The black
lesion in the center of the potato is an abiotic disorder called
hollow heart, which is caused by incubation in moist
environments and is not related to soft rot. (D) A bisected
mock-inoculated potato, exhibiting cork formation at the
inoculation site. Note the small hollow heart lesion near the
center of the potato.
Figure 3. Micrographs of healthy and diseased potato. A small piece of tissue was
visualized with a microscope at different magnification without stain. (A) At 200×,
potato cell debris and amyloplasts (the dark, bean-shaped structures) are visible, but
bacteria are difficult to observe. (B) Infected tissue viewed at 400× shows scattered
amyloplasts surrounded by many bacilliform bacteria. (C) By contrast, healthy tissue
viewed at 400× shows scattered amyloplasts without associated bacteria.
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how would the increased moisture impact the environment dur-
ing shipment?
(a) The availability of water is a critical environmental vari-
able for disease development. Consider creating different
humid environments with damp paper towels, plastic
bags, or airtight containers.
(3) Alter light exposure. After buying potatoes at the supermar-
ket, they are often stored in a dark pantry. What may happen
if the potatoes are stored in sunlight or under classroom lights
compared to the dark?
(a) Although less well characterized by scientists, consider
altering the exposure to light (dark vs. florescent vs.
sunlight) or the color of the light by wrapping contain-
ers in different colors of plastic.
Virulent pathogen:
(1) Alternate sources of inoculum. Bacterial soft rot pathogens
are often adapted to their hosts. Given soft rot bacteria from
different hosts, which do you think will most likely be able
to infect potatoes and why?
(a) Gather inocula from different hosts, and inoculate on
disinfested potatoes. For example, collect inocula from
bell pepper, carrot, and cucumber utilizing the same tech-
nique as outlined for the core protocol and investigate
which pathogen is most virulent on potato. Inocula from
non-potato hosts can be inoculated into healthy potatoes
utilizing the protocol outlined previously. Enterobacteria-
ceae are known to infect numerous varieties of plants,
and there are many resources that list the known host
species (Bhat et al., 2010).
Discussion
The most practical consideration with this laboratory exercise is
managing the odor during incubation. Since disease symptoms are
best analyzed between five and seven days after inoculation, culture
incubation in a well-ventilated area is encouraged. For example, con-
sider incubating potatoes in a chemical fume hood (if available) or
near an open window with an exhaust fan. Furthermore, the odor
in the classroom should be mitigated prior to class because disrup-
tive behavior (especially for middle school students) often increases
in laboratories with pungent odors. Although the bacteria cultured
in this experiment are not human pathogens, instructors should
exhibit best laboratory practices, including providing eye protection,
gloves, and protective garments for the students. Since soft rot bac-
teria are naturally occurring, most locations do not require special
waste procedures.
Expect to observe a variety of results during this laboratory exper-
iment, since each lab group will inoculate and incubate their potatoes
differently. For example, humidity is a critical variable for disease
development, and some lab groups may not adequately wet their
paper towels or sufficiently seal their plastic bags prior to incubation.
Lack of sufficient moisture often results in asymptomatic potatoes,
even when inoculated with the pathogen. Also, symptoms exist on a
spectrum and often appear differently between inoculations. Com-
mon symptoms are tissue softness (superficial or very deep within
the potato) and discoloration (tan to nearly black; Figure 2B, C).
These symptoms should not be confused with hollow heart, which
is a blackening of the center of the potato in response to increased
moisture, or cork formation, which is a natural scab-like tissue layer
that often surrounds the toothpick wound when viewed on a potato
cross section (Figure 2C, D). Lastly, fungi often contaminate wounded
potatoes and are visible as a fuzzy mass commonly associated with the
inoculation site (Figure 2A). These fungi are most likely not causing
disease, but rather feeding on the dead potato tissue.
The microscopic analysis of infected tissue often yields unclear
results due to insufficient magnification. Prior to viewing a diseased
sample, consider instructing the students to view healthy potato tis-
sue first so they become familiar with the components of potato
cells. The most visible component of potato cells without specialized
staining are the amyloplasts, which are the plastids that store starch
(Figure 3). Each potato cell contains numerous amyloplasts, which
appear as bean-shaped structures with dark margins. In the healthy
sample, the liquid between the amyloplasts should be clear. When
viewing the diseased sample, remember that bacteria are small (gen-
erally 1–2 µm in length) and are often difficult to observe individu-
ally. Bacteria are only faintly visible at 400× magnification and may
require dimming the illumination on the microscope to identify
them. Since the infected tissue should contain vast quantities of bac-
teria, the pathogens should be visible as an opaque, shifting layer
(resembling television static) between amyloplasts.
Students often experience difficulties with the nuanced vocabu-
lary associated with plant pathology, but an explanation of the follow-
ing words and their definitions will likely lead to increased content
comprehension.
Pathogens vs. disease. Diseases are disruptions in normal cellular
function. Diseases can be caused by abiotic (nonliving) factors like
nutrient deficiencies or by biotic (living) factors like bacterial patho-
gens. Pathogens are the causal agents of disease. In this laboratory
protocol, the Enterobacteriaceae are the pathogens, and soft rot is
the disease.
Signs vs. symptoms. Symptoms are the physiological host responses
associated with pathogen infection. For example, symptoms of infec-
tion by soft-rot-causing bacteria on potato are soft rot, discoloration,
and a pungent odor. Signs of an infection are the pathogens, which
in this experiment are bacteria that can be observed only under high
magnification on a compound microscope or as ooze flowing out of
lesions.
Infect vs. infest. Infection is the initiation of a parasitic relation-
ship with a host, whereas infestation is to reside on the exterior of a
surface without infecting. Nearly all potatoes are infested with
Enterobacteriaceae from the soil; however, potatoes can remain
healthy in storage for many weeks until the environment becomes
conducive for pathogen infection.
Pathogenicity vs. virulence. Pathogenicity is a categorical variable
(i.e., yes or no) describing whether an organism can cause disease.
Virulence is a continuous variable (i.e., from 1 to 10) that describes
the symptom severity. For example, a species of bacteria may be
pathogenic on potatoes but exhibit moderate virulence.
The inquiry-based protocol may take numerous directions
depending on which variables are tested. When designing each exper-
iment, ensure that mock-inoculated disinfested potatoes serve as con-
trols for each different approach. When investigating pathogen
virulence, note that this protocol does not necessarily involve a pure
culture. When the inoculum is initially generated for the experiment,
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it is possible that different species of bacteria are infesting the plant
tissue at the same time and reproduce during incubation. There-
fore, the inquiry-based pathogen virulence experiment may be
complicated by a mixed culture of inoculum, which may yield con-
flicting results across repeated trials. Also, the bleach disinfestation
technique is not 100% effective at eliminating all bacteria, so some
of the mock-inoculated potatoes may exhibit soft rot. Unexpected
symptoms may be critically discussed by the students as they trou-
bleshoot their experiments.
Additional Resources
Additional support material and tutorial videos are available at
http://www.drlouhirsch.com.
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